Abstract Evaluation of cost-utility is critical in assessing the medical utility of predictive or prognostic biomarkers. Current methods involve complex state-transition models, requiring comprehensive data inputs. We propose a simplified decision-analytic tool to explore the relative effect of factors contributing to the cost-utility of a biomarker. We derived a cost-utility metric, the ''test incremental costeffectiveness ratio'' (TICER) for biomarker-guided treatment compared to no biomarker use. This method uses data inputs readily accessible through clinical literature. We compared our results with traditional cost-effectiveness analysis of predictive biomarkers for established (HER2-guided trastuzumab, ALK-guided crizotinib, OncotypeDXguided adjuvant chemotherapy) and emerging (ROS1-guided crizotinib) targeted treatments. We conducted sensitivity analysis to determine which factors had the greatest impact on TICER estimates. Base case TICER for HER2 was $149,600/quality-adjusted life year (QALY), for ALK was $22,200/QALY, and for OncotypeDX was $11,600/ QALY, consistent with literature-reported estimates ($180,000/QALY, $202,800/QALY, $8900/QALY, respectively). Base case TICER for ROS1-guided crizotinib was $205,900/QALY. Generally, when treatment cost is considerably greater than biomarker testing costs, TICER is driven by clinical outcomes and health-related quality of life, while biomarker prevalence and treatment cost have a lesser effect. Our simplified decision-analytic approach produces values consistent with existing costeffectiveness analyses. Our results suggest that biomarker value is mostly driven by the clinical efficacy of the targeted agent. A user-friendly web tool for complete TICER analysis has been made available for open use at
Introduction
In 2010, health care spending in the United States was projected to be $2.6 trillion, corresponding to 18 % of the gross domestic national product [1] . While national health care expenses are extensive compared to other countries, this spending has not yielded commensurate improvements in health care outcomes [2, 3] . This problem is epitomized in the management of cancer: the field of oncology has benefited from breakthroughs in targeted therapy significantly improving outcomes in specific populations of cancer patients [4] [5] [6] . On one hand, these results demonstrate the promise of personalized therapy. On the other hand, this optimism is tempered by soaring costs of targeted agents. Cancer care is responsible for 5 % of the GDP, and these expenditures are projected to increase by forty percent by 2020 [7] . Driven by these concerns, the American Society of Clinical Oncology (ASCO) has proposed a formal framework to promote and guide valueconscious interactions between patient and oncologist [8] .
To parallel these broad efforts, we consider the value of biomarker-guided therapeutic interventions in terms of their downstream costs and resulting clinical outcomes, compared to the current standard-of-care treatments. A facet of this value assessment is clinical utility, which describes the difference in clinical outcomes between biomarker-negative and -positive patients along with changes in quality of life, and depends on biomarker characteristics and on the availability of effective biomarker-driven therapies. Our goal is to propose and validate a framework that incorporates biomarker prevalence, quality-of-life metrics, and test-and treatment-associated costs to efficiently assess the cost effectiveness of biomarker-guided targeted therapeutic interventions.
Traditional cost-effectiveness approaches employ ''state-transition models'' and comprehensively consider the costs, benefits, durations, and transition probabilities through sequential health states over the entire projected course of the disease [9] [10] [11] . Such methods have been used extensively to evaluate the cost effectiveness of many therapeutic interventions and treatment programs [12] [13] [14] [15] [16] in oncology [16] [17] [18] [19] [20] . However, estimation of the health state-transition probabilities required by these models is generally complicated and can vary across clinical scenarios [21] . Additionally, these analyses involve rigorous documentation of cost states, which precludes meaningful analysis until these data become available. Moreover, some authors have suggested that the complexity of these methods may introduce bias into the analysis [22] .
Here we propose a simplified framework that limits the extent of external data inputs by utilizing parameters readily reported in clinical trials, thus increasing the accessibility of cost-effectiveness analyses to clinical investigators. The main differences between our approach and the traditional methods are documented in Table 1 . We derive an index, referred to as test incremental cost-effectiveness ratio (TICER), which we then apply to several predictive biomarker-driven therapeutic scenarios to compare our estimates with those obtained from traditional cost-effectiveness approaches. These biomarkers include HER2 amplification to determine inclusion of trastuzumab in the treatment of breast cancer, rearrangement of the anaplastic lymphoma receptor tyrosine kinase (ALK) to select patients with lung cancer for crizotinib therapy, and the OncotypeDX gene expression assay in estrogen receptor (ER)-positive breast cancer to identify low-risk patients who may be spared from adjuvant chemotherapy.
The simplicity of our approach may allow for preliminary cost-effectiveness analysis at an earlier stage of biomarker development.
To demonstrate this, we analyze an emerging biomarker that has not yet been assessed with a phase III clinical trial. We examine ROS proto-oncogene 1, receptor tyrosine kinase (ROS1) to select lung cancer patients for crizotinib therapy in the first-line setting [23] . Finally, we perform sensitivity analyses to assess how each input variable (biomarker prevalence, clinical outcomes, quality of life, costs of testing and therapy) affects the cost effectiveness of the biomarker and the corresponding therapy. A greater understanding of cost-effectiveness drivers will allow more informed and value-focused biomarker development. To enable clinicians utilize our costeffectiveness analysis in new scenarios, we have made it available as an open-access user-friendly web tool at http:// medicine.yale.edu/lab/pusztai/ticer/.
Methods

The TICER index
We consider a simple decision tree-based scenario, the general form of which is shown in Fig. 1a . The first branch-point in the model is the decision to conduct biomarker testing. The model is flexible and can address a variety of biomarker scenarios, including guiding administration of a novel treatment relative to standard of care (i.e., HER2-guided trastuzumab treatment), or sparing therapy in patients who may not benefit from it. If no testing occurs, all patients receive the standard-of-care therapy for the given situation. If tested, marker-positive patients receive an add-on targeted drug along with standard therapy, while the marker-negative cases receive the standard-of-care alone. Alternatively, the test can be used to screen out patients who may not benefit from the targeted therapy. In this scenario, under no testing everyone is treated with standard of care (e.g., chemo-endocrine therapy in ER-positive breast cancer), whereas if tested, marker-negative patients are spared of the non-beneficial treatment.
We next outline the key steps in our method, while the detailed derivation of our index is given in the Supplementary materials. We first consider the incremental costeffectiveness ratio (ICER) of the testing decision, a commonly expressed index in cost-effectiveness analysis [24] , which when applied to our biomarker-test scenario gives
Here, QALY is quality-adjusted life years (Eq. A.1 in the Supplement). After considering the incremental cost (numerator) based on the cost and quality-of-life states outlined in Fig. 1b -c (see Fig. S1 for details), we see it can be simply expressed as the difference between the areas under the cost profile, divided by the difference between the areas under the quality-of-life profile. Figure 1b can be used to analyze the cost effectiveness of biomarker-guided targeted therapy relative to standard-of-care by comparing the difference between targeted and standard therapy in biomarker-positive patients. In Fig. 1c , the difference between testing and non-testing arms simplifies to a comparison of targeted and standard therapy in biomarker-negative patients. The algebraic derivation of TICER expressions for both default scenarios is detailed in the Supplement. Figure 2 depicts a template that we provide to guide identification of the necessary data inputs required for the TICER calculation. The relevant parameters for commonly employed biomarkers are easily obtained from clinical trials reporting median PFS (and median OS, where available) for standard-of-care and marker-directed targeted therapies. For our analysis, priority was given to sources referenced by existing cost-effectiveness analyses (CEA), in order to facilitate comparison of our results with published CEA literature. For the purpose of comparison, our costs were derived from published CEA and converted to 2015 USD. If the user wishes to analyze a situation for which a published CEA does not exist, comprehensive cost values are found using cost database (such as hospitalspecific Medicare reimbursement rates or Red Book database). Quality-of-life measures were obtained from clinical trials (where possible), or alternatively, meta-analyses and compendiums on the subject [25] [26] [27] .
Parameter identification
The range evaluated in sensitivity analyses was either derived from the 95 % confidence interval of clinical 
Cost-effectiveness analysis for a range of scenarios
To evaluate the sensitivity of the cost-effectiveness calculation to the uncertainly in data inputs, we compute costeffectiveness acceptability curves (CEACs) [29] . These are generated by randomly sampling all parameters from their respective distributions over 10,000 iterations. We assumed that the median PFS and median OS follow a normal distribution, costs follow a log-normal distribution, while HRQOL and biomarker prevalence (a) follow a beta distribution [30] . The incremental costs of testing and corresponding treatment (DCost, numerator) and incremental QALYs (DQALY, denominator) were also evaluated separately.
Sensitivity analyses
To evaluate the effect of each variable on TICER in the context of all other variables, we assign a range to a parameter of interest, as explained above. Fifty sequential values are generated from within this range, and for each value TICER is computed 2000 times with all remaining b Fig. 1 Model schematic a Simple decision framework to guide treatment with biomarker testing, as compared to no biomarker testing. If testing is performed, the biomarker prevalence a determines the proportion of patients for which a specific therapy is added or spared. Each endpoint is a clinical state corresponding to the patient's progression-free survival, overall survival, as well as associated costs and HRQOL. b Cost (top) and HRQOL profile (bottom) when the default treatment is standard therapy. We consider treatment time t for targeted therapy, t (targeted), for standard therapy, t (standard), posttreatment stable disease (from t to PFS), and disease progression (PFS to OS) for both treatment arms. TICER essentially compares the median difference in quality-adjusted outcomes (PFS and OS) in biomarker-positive patients to the cost difference between treatment arms. c Cost (top) and HRQOL profile (bottom) when the default treatment is a certain therapy, and testing serves to spare this treatment in biomarker-negative patients. We consider a similar progression through treatment time, stable disease, and progression as (b). We effectively compare cost, HRQOL difference, and any difference in median PFS and OS for add-on therapy and standard therapy in biomarker-negative patients Fig. 2 TICER data input template. This figure guides the reader in the data collection process.
Step one involves the decision of clinical scenario considered (addition of targeted treatment to standard-ofcare therapy or replacement of standard therapy with targeted treatment).
Step two involves collection of clinical outcome data from a randomized clinical trial.
Step three guides the reader on the remaining data needed, depending on availability of overall survival data (Fig. S4) .
Application of TICER to recent clinical trials
To demonstrate the practicality of TICER in estimating the cost effectiveness of novel biomarker tests, we evaluated ROS1 rearrangement patients with locally advanced or metastatic lung cancer in the first-line setting. We estimated the median PFS by considering a recent Phase I clinical trial, which was not restricted to first-line therapy [23] . Therefore, this represents a conservative estimate. Additionally, outcomes of standard treatment and HRQOL states were estimated from a recent Phase III clinical trial evaluating ALK-guided crizotinib therapy in a similar patient population [6] . Relevant costs were obtained from existing CEA of ALK-guided crizotinib therapy [19] . Therefore, we assume that the costs, outcomes, and qualityof-life changes are similar between ALK-positive and ROS1-positive patients.
Results
Case studies and parameter identification Table 2 summarizes the parameter inputs for the cost-effectiveness scenarios evaluated. Biomarker prevalence ranges from 0.04 (in the instance of ALK translocation) to 0.25 (for HER2? breast cancer). Median PFS estimates were directly obtained from literature-reported values. In the HER2 scenario, biomarker positivity resulted in adding HER2-targeted therapy to standard of care. In the ALK and ROS1 scenarios, biomarker positivity resulted in replacement of standard therapy with targeted therapy. In the OncotypeDX scenario, the presence of ''Low Recurrence Score'' biomarker results in chemotherapy sparing, rather than addition.
Cost-effectiveness analysis of established biomarkers
For the biomarker scenarios considered, the incremental cost of HER2 biomarker was $9740 (standard deviation [SD] $3030) with a corresponding DQALY of 0.0625 (SD 0.029) and an ICER of 149,600 $USD/QALY. For the ALK biomarker, the incremental cost was $2550 (SD $1770), while the base case DQALY was 0.0116 (SD 0.009), with an ICER of 222,000 $USD/QALY. Finally, for OncotypeDX the incremental cost was $385 (SD $360), while the base case DQALY was 0.039 (SD 0.014), with an ICER of 11,600 $USD/QALY. To assess the cost effectiveness of the above scenarios, we plotted the results of separate cost-incremental QALY analysis on a cost-utility plane (Fig. 3) , along with common cost-effectiveness threshold values reported in the literature: 50,000, 100,000, and 285,000 $USD/QALY [36] . Biomarkers leading to better outcomes and lower costs and thus lie below a reference line are considered cost-effective with respect to the corresponding cost-effectiveness threshold. OncotypeDX (Fig. 3b) meets every cost-effectiveness threshold due to cost savings and quality-of-life benefit resulting from avoiding chemotherapy. The HER2 biomarker does not meet the $100,000 threshold, but is at or below the $285,000 threshold (Fig. 3a) . The large variation in the estimates for this scenario is due to relatively high standard deviation for HER2 treatment costs and QALYs, which stems from the relatively high variation in the overall survival term. ALK falls in the region of low incremental cost and low incremental benefit, which limits the resolution of the analysis, but it appears to be distributed around the $285,000 threshold.
Sensitivity analysis of cost-effectiveness scenarios
The results of sensitivity analysis to assess the influence of each of the data inputs to the cost-effectiveness estimate of the various scenarios are presented in Fig. 4 . The costeffectiveness values from the literature (red lines) were within the limits of sensitivity testing. Cost-effectiveness calculations by TICER produce results that are consistent with established methods, while allowing to account for uncertainty in the values of the scenario parameters. Figure S3 displays the overall cost-effectiveness acceptability curves (CEAC) for the evaluated scenarios, accounting for the uncertainty involved in the estimates of the input variables. These curves show how acceptability of a treatment scenario is affected by a range of willingness-topay thresholds.
Generally, TICER is driven by the outcome variables of health-related quality of life (HRQOL) and PFS/OS, and by the cost of therapy. When each variable range was set to be a fixed proportion of the base case value (0.75 to 1.25) , this analysis revealed the sensitivity of each variable as it pertained to its position in the equation, rather than the inherent differences in each variable's uncertainty (Fig. S4) . In this analysis, HRQOL and OS contributed to the greatest variation in TICER values. Interestingly, when Input parameters as obtained from literature sources. The range tested in sensitivity analysis is defined as the 95 % confidence interval of the variable of interest, when available. Otherwise, the range used in the cited cost-effectiveness analysis is utilized. Further assumptions and currency conversions are documented in Supplementary Table 1-3 a Cost and outcome data were derived from published data representing a variety of OncotypeDX-guided chemotherapy regimens. The specific distribution of treatments is detailed in Supplementary Table 2 b HRQOL values for ALK is estimated from baseline HRQOL and the DHRQOL reported in the original trial. Standard deviation for DHRQOL is not reported; it is assumed to be consistent with compared cost-effectiveness analysis. [6] c OncotypeDX involves a curative-intent scenario, where the progression-free survival is replaced with T the cost of targeted treatment is only marginally greater than the cost of standard treatment (i.e., when crizotinib is compared to pemetrexed/cisplatin), the cost of targeted therapy drives the cost-utility analysis to a greater extent (Fig. 4c) . We found that TICER is only marginally sensitive to biomarker prevalence (Fig. 4a, c) . When the cost of the targeted therapy is considerably greater than the cost of biomarker testing, as in the case of HER2 and ALK, the biomarker prevalence a effectively drops out of the TICER formula. In the OncotypeDX case, TICER is comparatively more sensitive to changes in cost of testing and chemotherapy, as well as biomarker prevalence (Fig. 4b) . Figure 3d demonstrates ROS1-directed crizotinib therapy on the cost-benefit plane. The base case incremental cost was $1530/year (SD $1060) with a corresponding QALY of 0.0077 (SD 0.0061), with ICER estimate of 205,900 $USD/QALY. Most values are above the $100,000 threshold but below the $285,000 threshold. Figure 5 displays the cost of crizotinib needed to meet a range of costeffectiveness thresholds, as derived in the Supplement.
Application of TICER to recent clinical trials
To meet a threshold of $100,000/QALY, the treatment cost must be below $50,800/year. For a threshold of $285,000/QALY, the treatment cost must be below $125,800/year.
Discussion
A benefit of the proposed approach is the ability to assess cost effectiveness of biomarker-guided treatment scenarios using a simplified but representative decision model requiring six readily quantifiable input variables: marker prevalence, progression-free survival, overall survival, quality of life, and costs of testing and therapy. The model is flexible and allows the user to incorporate in an intuitive way a variety of biomarker scenarios. For example, by considering median PFS and OS times, the TICER method allows simple analysis of relative biomarkers, in which both biomarker-negative and -positive groups experience benefit from targeted therapy. The TICER method can reliably incorporate a variety of treatment types (addition or replacement of standard therapy), and allows comparison to multiple relevant base case treatment scenarios (standard vs. targeted therapy in nontested patients). Table 2 , is shown underneath each variable. ICER values derived from comprehensive costeffectiveness analyses in the literature are reported as a reference line for comparison. HER2-guided trastuzumab therapy (a), OncotypeDXguided chemotherapy sparing (b), and ALK-guided crizotinib therapy (c). The base case TICER for HER2 biomarker was 149,600 $USD/QALY, as compared to the literature value of 180,000 $USD/QALY [18] . The base case for ALK was 222,000 $USD/QALY, as compared to the literature value of 202,800 $USD/QALY [19] . The base case TICER for OncotypeDX was 11,600 $USD/QALY, as compared to the literature value of 8900 $USD/QALY [37] The cost-effectiveness estimates from our method yielded similar results to those reported in the literature using more complex methods. Limitations of our model include the assumption that costs and HRQOL of progressive and stable disease are equivalent, as we do not consider the difference in costs related to adverse events. Additionally, caution should be used in using median PFS as a surrogate for overall outcome when OS data are not available. We also assumed consistency of costs, HRQOL, and clinical outcome data that may have been obtained from a variety of sources. We attempted to account for potential inconsistencies by performing sensitivity analysis over a wide range of parameter values.
Several clinical implications are apparent from the reported analyses. The fact that OncotypeDX meets every relevant willingness-to-pay threshold reflects the cost savings and increased HRQOL benefit of chemotherapy sparing. Our data support OncotypeDX as a clear cost-effective predictive biomarker. While there is considerable subjectivity in the acceptability of ICER values, our data demonstrate that ALK, HER2, and ROS-1 biomarkers are not considered cost-effective by the commonly used $50-100,000 willingness-topay thresholds. However, these biomarkers meet the $285,000 threshold, which reflects Medicare's current acceptability of 1 year of renal dialysis. Using current data inputs, ROS1 exhibits similar cost effectiveness to HER2, which is widely accepted in clinical practice.
Sensitivity analysis suggested that cost-effectiveness estimates using our model are most sensitive to survival and quality-of-life inputs, followed closely by the cost of therapy.
Biomarker prevalence and testing costs had almost negligible impact under most scenarios. When the cost of biomarker testing is insignificant compared to the cost of targeted therapy, biomarker prevalence effectively cancels from both the numerator and denominator of the TICER index. An exception is seen in the OncotypeDX case, where costs of testing and therapy are of similar magnitude, and thus dominate the TICER levels. Another exception was observed in the ALK case, where the difference between costs of targeted therapy and chemotherapy was narrow. These results have broad implications for value-driven decision making. Development of predictive biomarkers should focus on optimizing test characteristics to clearly classify patients into groups that are most likely to benefit or not from targeted therapy. The clinical outcome benefits resulting from attaining optimal test characteristics (represented in our model as achievement of the greatest PFS, OS, and HRQOL benefit) generally appear to justify the associated biomarker testing costs.
The disproportionately large impact of clinical outcome measures and HRQOL on ICER has been observed in previous studies [19, 20] . A few other studies have suggested a dominant impact of test specificity/sensitivity on cost effectiveness [18, 20] . Our derivation differs from these analyses, as in TICER the analytical performance of the biomarker-based test is implicitly included in the difference in clinical outcomes between the marker-positive and -negative groups. TICER's strong sensitivity on HRQOL is primarily due to the broad range of reported HRQOL values, which may be the least objectively measurable value among our input variables. This underscores the importance of more research to focus on HRQOL methodology, and standardization of assessment tools, as well as the importance of reporting standardized HRQOL measures as a secondary outcome in clinical trials.
The TICER approach employs a simplified decisionanalytic model to create a flexible, accessible cost-effectiveness analysis of predictive biomarkers in oncology. It produces results that are consistent with more detailed state-transition models. Our method suggests that the value of a biomarker is primarily driven by efficacy of the targeted agent in the biomarker-positive group, followed closely by treatment costs; cost of testing plays a comparatively smaller role. TICER will be a potentially useful tool for assisting in cost-effectiveness analysis at an early stage of biomarker development. To facilitate adoption of the proposed approach, we have developed a web-based tool that can perform the cost-benefit and sensitivity analyses described in this article for various biomarker-driven scenarios (http://medicine.yale.edu/lab/pusztai/ticer/). 
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